The L2 serine active-site ␤-lactamase from Stenotrophomonas maltophilia has been classified as a clavulanic acid-sensitive cephalosporinase. The gene encoding this enzyme from S. maltophilia 1275 IID has been cloned on a 3.3-kb fragment into pK18 under the control of a Ptac promoter to generate recombinant plasmid pUB5840; when expressed in Escherichia coli, this gene confers resistance to cephalosporins and penicillins. Sequence analysis has revealed an open reading frame (ORF) of 909 bp with a GC content of 71.6%, comparable to that of the L1 metallo-␤-lactamase gene (68.4%) from the same bacterium. The ORF encodes an unmodified protein of 303 amino acids with a predicted molecular mass of 31.5 kDa, accommodating a putative leader peptide of 27 amino acids. Comparison of the amino acid sequence with those of other ␤-lactamases showed it to be most closely related (54% identity) to the BLA-A ␤-lactamase from Yersinia enterocolitica. Sequence identity is most obvious near the STXK active-site motif and the SDN loop motif common to all serine active-site penicillinases. Sequences outside the conserved regions display low homology with comparable regions of other class A penicillinases. Kinetics of the enzyme from the cloned gene demonstrated an increase in activity with cefotaxime but markedly less activity with imipenem than previously reported. Hence, the S. maltophilia L2 ␤-lactamase is an inducible Ambler class A ␤-lactamase which would account for the sensitivity to clavulanic acid.
Stenotrophomonas (Xanthomonas) maltophilia has recently emerged as an important nosocomial pathogen in immunocompromised cancer patients and transplant recipients. S. maltophilia has been documented as a cause of bacteremia, infections of the respiratory and urinary tracts, meningitis, serious wound infections, mastoiditis, epididymitis, conjunctivitis, and endocarditis. Risk analysis has shown that mechanically ventilated intensive care unit patients receiving antibiotics, especially carbapenems, are at increased risk of bacterial colonization or infection with S. maltophilia (25) .
S. maltophilia has been reported to be resistant to the newer antibiotics normally employed to treat gram-negative infections, such as extended-spectrum cephalosporins, carbapenems, and aminoglycosides. Reports indicate that some, if not most, isolates are resistant to all of the ␤-lactams normally employed to treat such infections, including broad-spectrum ␤-lactams, such as ceftazidime (10, 27) . All strains also showed resistance to the carbapenems, such as imipenem and meropenem. Studies with ␤-lactam-inhibitor combinations have shown that many strains are resistant to combinations of pipercillin-tazobactam and cefsulodin-tazobactam, with ticarcillinclavulanate showing the greatest activity (10, 27) . The documented increase in the resistance of S. maltophilia clinical islates to ␤-lactams, which are normally employed to treat infections caused by these bacteria, is a major cause of concern.
S. maltophilia produces at least two chromosomally mediated ␤-lactamases, L1, a metallo-␤-lactamase (28) , and L2, a cephalosporinase sensitive to clavulanic acid, both of which are coordinately controlled. Coordinated expression has been shown by coinducibility using a single ␤-lactam as the inducer, the expression of both enzymes increasing by several hundredfold (21) . However, S. maltophilia mutants displaying high-level ␤-lactam resistance have been isolated in which expression of only the L2 enzyme was markedly raised. Not surprisingly, this strain showed high-level resistance to the cephalosporins and penicillins and moderate resistance to the carbapenems (1) . Inhibition studies with the L2 enzyme showed it to be very sensitive to clavulanic acid, more so than other serine ␤-lactamase inhibitors (13) , and this, together with its hydrolytic profile, has placed the enzyme in functional classification group 2e (4). Recent reports suggest that S. maltophilia may produce up to four coordinately controlled ␤-lactamases (15, 16) , although these results have yet to be corroborated.
Here we describe the sequence analysis of the S. maltophilia L2 ␤-lactamase and present the kinetics of the purified enzyme from the cloned gene.
MATERIALS AND METHODS
Cloning and expression of the L2 ␤-lactamase gene. The L2 ␤-lactamase gene was cloned from S. maltophilia 1275 IID chromosomal DNA on a 3.3-kb fragment into pRW33 to create the recombinant pSJ (5a). The fragment carrying the L2 ␤-lactamase gene was recloned, by using an EcoRI restriction-ligation strategy, into high-copy-number plasmid pK18 (18) for sequencing; the subsequent plasmid was designated pUB5811. Escherichia coli SNO3 (ampC8) (12) , when transformed with pUB5811, demonstrated resistance to kanamycin (30 g/ml) but, surprisingly, not ampicillin (30 g/ml), indicating that expression of the L2 ␤-lactamase gene was dependent on the cloning, suggesting that the open reading frame (ORF) encoding the enzyme is positioned near the EcoRI restriction sites. To increase the level of expression of the L2 enzyme, pUB5811 was partially digested with EcoRI and ligated into EcoRI-cut pRU833 (26) . The ligation mixture was used to transform E. coli DH5␣ (7), and recombinants were selected with kanamycin and streptomycin. The majority of the recombinants, when expressed in E. coli SNO3, demonstrated an increase in the MIC of ampicillin from 32 to 1,024 g/ml on addition of isopropyl-␤-D-thiogalactopyranoside (IPTG), indicating that the expression of the L2 ␤-lactamase gene is under the control of the Ptac promoter. One construct was designated pUB5840.
Sequencing of plasmid DNA. DNA sequence determination was performed with a Du Pont Genesis 2000 automated sequencer. Sequences were determined on both strands by using a custom primer walking strategy. Compilation of resulting DNA sequences, database searches, and sequence alignments were performed by using the LASERGENE suite of programs (DNASTAR, West Ealing, London, United Kingdom).
Purification of the L2 ␤-lactamase. For enzyme production, an overnight 10-ml culture of E. coli (pUB5840) was used to inoculate a 2-liter fresh culture and the culture was grown at 37°C to the mid-log phase. IPTG (35 g/ml) was then added to the culture, which was further shaken for 12 h. The cells were harvested (12,000 ϫ g, 30 min, 4°C), and preparation of the periplasmic extract of the L2 enzyme was carried out as described by Lindstrom et al. (11) . The periplasmic solution was dialyzed overnight against 30 mM Tris-HCl (pH 7.0) buffer, and the proteins were precipitated with 60% ammonium sulfate. After the periplasmic extract was prepared, the protein was estimated (by sodium dodecyl sulfate-polyacrylamide gel electrophoresis) to be 15% pure. After centrifugation (22,000 ϫ g, 2 h, 4°C), the protein pellet was redissolved in 100 ml of Tris-HCl buffer (pH 7.0). The solution was loaded onto an equilibrated Sepharose-S column, which was then washed with 6 column volumes of Tris-HCl buffer (pH 7.0). Protein was eluted with a 0 to 0.8 M NaCl gradient. The fractions containing significant quantities of L2 were eluted with 0.35 M NaCl. These fractions were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the purity of L2 was estimated to be 65% (results not shown). The activity of the enzyme was checked at various stages of preparation by using nitrocefin hydrolysis as an indicator.
␤-Lactamase assays. Hydrolysis of ␤-lactam antibiotics was examined by UV spectrophotometric assays (Pharmacia LKB Ultrospec II) in 1-cm light path cuvettes with readings recorded at 10-s intervals for 5 min at a wavelength of optimal absorbance for the ␤-lactam ring of each drug (cephalothin and cephaloridine, 265 nm; cefamandole and cefotaxime, 262 nm; cefoxitin, 260 nm; carbenicillin, 235 nm; cloxacillin, 260 nm; aztreonam, 254 nm; ampicillin and benzyl penicillin, 233 nm; imipenem, 299 nm). Antibiotic solutions were prepared in 10 mM phosphate buffer, pH 7.0. For substrate profiles, each antibiotic was assayed at a concentration of 100 M, except benzyl penicillin, ampicillin, and carbenicillin, each of which was assayed at 500 M.
Nucleotide sequence accession number. The nucleotide sequence reported here (see Fig. 1 ) has been deposited in the EMBL database under accession no. Y08562.
RESULTS
Nucleotide sequence analysis of the L2 ␤-lactamase gene. The ORF encoding the L2 ␤-lactamase extends for 909 nucleotides and encodes a preprotein of 303 amino acids (Fig. 1) . Upstream of the L2 ␤-lactamase ORF lie the ribosome-binding site (RBS) and a putative Ϫ10 promoter sequence (TTC AAT) but no obvious Ϫ35 promoter sequence. At 41 nucleotides downstream of the termination codon are two inverted repeat sequences (CGCGCGCATCCTGCGCGCG) representing a possible terminator for the transcription of the L2 ␤-lactamase gene. Typical of ␤-lactamases, the primary translation product has a strong hydrophobic N terminus. The predicted secreted peptide is thought to be generated by cleavage between two alanine residues (amino acid positions 27 and 28). The mature protein has a predicted pI of 8.2, in close agreement with that reported by Saino et al. (22) , and a molecular mass of 28.5 kDa. Similar to that of the L1 ␤-lactamase gene, the codon preference strongly favors cystine (C) and guanidine (G) over uridine (U) and adenine (A) in the third positions. In L2, the codon preferences were as follows: NNA, 4.2%; NNU, 11.7%; NNC, 47.7%; NNG, 36.5%. These preferences are reflected in the high GC content throughout the ORF (71.6%), similar to that of the ORF encoding the L1 metallo-␤-lactamase (68.4%) (28) . Both codon preferences and the high GC/AT ratio are similar to those for genes from Pseudomonas spp. rather than genes from members of the family Enterobacteriaceae.
Predicted protein sequence of the L2 ␤-lactamase. The predicted amino acid sequence of the L2 enzyme was compared to those of other ␤-lactamases. Enzymes with significant similarity scores were shown to be class A enzymes from gram-negative bacilli (Fig. 2) . The highest identity score (54% using the Lipman-Pearson protein alignment) was with the BLA-A ␤-lactamase from Yersinia enterocolitica, followed by TOHO-1 from E. coli (51%), SL911 from Klebsiella oxytoca (50%), CdAmpC from Citrobacter diversus (50%), D488 from K. oxytoca (49%), and MEN-1 from E. coli (47%) (3, 6, 8, 9, 19, 23) . When the protein sequences are aligned (Fig. 2) , the L2 ␤-lactamase displays very similar regions of consensus with the other class A enzymes, including the consensus sequences STXK, SDN, and KTG and the highly conserved glutamic acid residue located 34 residues downstream from the SDN loop.
Hydrolytic activities of the L2 ␤-lactamase. As seen in Table  1 , the partially purified L2 enzyme displayed the greatest activity against cephaloridine (relative activity, 100%), followed by ampicillin (91%) and cefotaxime (46%), demonstrating the ability of the L2 ␤-lactamase to hydrolyze extended-spectrum cephalosporins. These activities, apart from those for cefotaxime and imipenem, are comparable to those previously published for the L2 ␤-lactamase (5). The activity of the enzyme preparation from expression of the cloned gene in E. coli against imipenem is significantly less than those of purified preparations obtained from cell extracts of induced S. maltophilia (5) . Compared to the hydrolytic activities of other group 2e enzymes also prepared from E. coli expressing the cloned gene (Table 1) , the L2 ␤-lactamase shows greater activities against a broad range of ␤-lactams, particularly cefotaxime. The L2 ␤-lactamase was tested for inhibition by sulbactam and clavulanic acid. On incubation with the inhibitor for 20 min at 30°C and using 120 M cephaloridine as a reporter substrate, sulbactam had a 50% inhibitory concentration of 4.0 M whereas clavulanic had a 50% inhibitory concentration of Ͻ0.1 M.
DISCUSSION
The fragment containing the L2 ␤-lactamase gene, when subcloned (pUB5811) and expressed in E. coli SNO3, failed to confer resistance to ampicillin, suggesting that the gene is positioned close to one of the EcoRI sites used to clone the fragment. The nucleotide sequence showed that the start codon was within 83 nucleotides of the cloning site, consistent with the loss of the promoter. This is supported by the evidence of an RBS and a Ϫ10 promoter consensus but no Ϫ35 consensus, indicating that expression of the L2 ␤-lactamase gene in the original clone may be dependent on a hybrid promoter. Typical of most Stenotrophomonas genes, the ORF encoding the L2 enzyme displays a high GC/AT ratio (71.6:18.4) with a significant preference for cytosine or guanidine in the third position of the codon.
Amino acid sequence analysis of L2 ␤-lactamase indicates it is a class A enzyme, despite consistently being referred to as a cephalosporinase (5, 22) . This is perhaps not too surprising, as most of the other group 2e cephalosporinases sensitive to clavulanic acid are also class A enzymes. Like other members of its structural class, the L2 ␤-lactamase contains the conserved class A motifs STXK, SDN, and KTG and the highly conserved glutamic acid residue positioned 34 residues upstream from the SDN loop. When the predicted amino sequence of the L2 enzyme was compared to those of other proteins, the highest identity scores were those of ␤-lactamases classified in functional group 2be (4). These enzymes included TOHO-1 from E. coli, SL911 from K. oxytoca, CdAmpC from C. diversus, D488 from K. oxytoca, and MEN-1 from E. coli (3, 6, 8, 9, 19, 23) . These enzymes have been classified in group 2be on the basis of their ability to hydrolyze cefotaxime, which is thought to be due to the threonine residue at position 165, which interacts with the oxyimino group of the ␤-lactam (19) . At this position, the L2 ␤-lactamase contains a leucine residue.
The hydrolytic data of the partially purified L2 enzyme from the cloned gene product largely agree with those previously published (5), apart from those for cefotaxime and imipenem. The relative activity against imipenem was dramatically different from that previously published (25%), being 0.004% (relative to cephaloridine). Such an obvious difference may be due to the previous L2 ␤-lactamase preparation being contaminated with minor quantities of the L1 metallo-␤-lactamase, demonstrating that published hydrolytic data for a separated ␤-lactamase(s) prepared from cell extracts from a single strain of a bacterium should be regarded cautiously.
Clavulanic acid was shown to be a more potent inhibitor of the L2 enzyme than sulbactam, confirming data previously reported (13) . These data show that ␤-lactam-inhibitor combinations like ticarcillin-clavulanic acid are slightly more effective than pipercillin-tazobactam and cefsulodin-tazobactam against S. maltophilia isolates (10, 27) . Presumably, total inhibition cannot be achieved due to the poor activity of the serine ␤-lactamase inhibitors toward the L1 metallo-␤-lactamase with its ability to hydrolyze a broad spectrum of ␤-lactams. 
